SUMMARY
Defects have been found in a colorimetric assay developed by its inventors for determining rapidly and quantitatively whether strains of Escherichia coli are resistant to the lethality of mammalian serum. Results gained with the colorimetric assay on the serum resistance of E. coli strains bearing colicin V plasmids differed from results gained with an assay in which the rate of growth of the bacterial strains in a medium containing rabbit serum was estimated turbidimetrically. The colorimetric assay was intended by its developers to facilitate studies of the genetics of serum resistance in pathogenic bacteria. When used as originally described, the assay is likely to mislead in such studies.
INTRODUCTION
strains resistant to the bacteriocidal activity of serum were able to grow in the medium, metabolizing glucose to produce acid which changed the color of the medium from green to yellow. The color change was scored visually or measured with a spectrophotometer. The method putatively offered numerous advantages over the classic assays of serum resistance, which involved some form of plate count technique [2] . The assay required only small volumes of test sera, and allowed large numbers of strains to be screened in a single run; the results were obtained rapidly. The assay was intended to be a tool for study of the genetics of resistance of bacteria to the bacteriocidal effects of serum, a trait associated with virulence of Gram-negative pathogens [2] . In attempts to use the assay for such purposes, we have discovered some problems with the method as described [1] . In this report we describe those problems and suggest some improvements in the assay.
In 1979, Moll et al. described a rapid, quantitative assay for determining the resistance of bacterial strains to the lethal activity of serum [1] . Cells of the strains to be tested were inoculated into medium containing glucose, peptone, the pH indicator bromothymol blue and serum. Those * To whom all correspondence regarding this manuscript should be sent.
MATERIALS AND METHODS

Media
Luria agar and Luria agar plus 20/~g/ml nalidixic acid (Sigma)were prepared as described by Miller [3] . Nutrient agar (Difco Laboratories) was prepared following the manufacturer's directions. Soft agar overlays contained 6.5 g agar/1 (Difco Laboratories). Peptone glucose (PG) broth consisted of 1% w/v peptone (Difco Laboratories) and 1% w/v glucose (Mallinckrodt). Peptone glucose bromothymol blue (PGB) contained an additional 0.5% v/v of a 1.5% stock of bromothymol blue (Allied Chemical) in ethanol [1] .
Bacterial strains
Escherichia coli 291 (K-12) was used as the parental strain in this study. It contained no plasmids and was resistant to nalidixic acid. Three derivative strains 292(ColVdrd), 291(pF54Col-Vdrd), and 291(pF70ColVdrd) each contained a single colicin V plasmid transferred into the host strain by conjugation. These three strains all produced colicin V, were resistant to nalidixic acid, and had derepressed transfer systems. Colicinogenicity, antibiotic resistance, and sensitivity to the male-specific bacteriophage MS2 were verified in each experiment by methods described elsewhere [6] .
Assays to determine resistance of bacterial strains to normal rabbit serum
Two assays were used to evaluate the capacity of bacterial strains to resist the lethal activity of normal rabbit serum. For both methods a standard inoculum was prepared as follows: strains were inoculated into 10 ml PG and incubated in a shaking water bath at 37°C until the cultures entered early exponential phase. The cultures were then diluted in PG, warmed to 37°C to a density of 2.107 CFU/ml.
The first assay was a test of the capacity of a strain to increase population level within 5 h when inoculated from a culture in early exponential phase into medium containing 5% normal rabbit serum (NRS) (hereafter called the 5-h growth assay [6] ). Cultures consisted of either a control containing 8.0 ml PG or a test containing 7.5 ml PG plus 0.5% ml NRS. All media were preincubated 15-60 min at 37°C and were then inoculated with 2.0 ml of the standardized inoculum. The cultures were incubated at 37°C in a circulating water bath. Turbidity measurements were taken every 15 min for 5 h at 550 nm on a Spectronic 20 spectrophotometer (Bausch and Lomb). The arithmetic mean of 3 replicates was plotted on semilogarithmic graph paper relating turbidity (550 nm) to time (in rain). The length of the lag period was estimated by the method illustrated in Theory and Practice in Experimental Bacteriology [4] . Generation time was read directly from the semilogarithmic plots.
Media for the colorimetric assay described by Moll et al. [1] , consisted of either a control containing 2.0 ml PGB or a test containing 1.875 ml of PGB plus 0.125 ml NRS, preincubated 15 60 min at 37°C, and inoculated with 0.5 ml of the standardized inoculum. The cultures were incubated at 37°C for 2-5 h. They were then scored for bacterial growth by visual comparison with controls in which 0.5 ml of PG was substituted for the standardized inoculum, or were read at 500 nm using a spectrophotometer blanked with the PG control.
4. Normal rabbit serum (NRS)
New Zealand White rabbits were anesthetized wi~h atropine (MedTech, Inc.) and Innovarvet (MacNiel Laboratories, Inc.), according to the manufacturer's directions. About 20-50 ml of blood were removed from the marginal ear vein and allowed to clot at room temperature for 2 4 h. The clotted blood was centrifuged at 12000 X g for 15 min at room temperature in a Model J-21B centrifuge (Beckman). The serum was moved to clean tubes and centrifuged at 11 900 x g for 15 min at room temperature in a clinical centrifuge (International Equipment Co.). The serum was removed from any residual cells and sterilized by filtration through a 0.45/zm Millipore filter.
RESULTS AND DISCUSSION
The 5-h growth assay [6] was used to determine the serum resistance of the 4 strains used to evaluate the colorimetric assay ( Table 1 ). All of the strains grew in PG after lag periods of < 60 min with doubling times of < 55 min. E. coli 291 and 292(ColVdrd) did not grow within 5 h after inoculation into PG containing 5% NRS and therefore were classified as serum-sensitive. However, E. coli 291(pF54ColVdrd) and 291(pF70Col-Vdrd) grew in the medium when it contained 5% , bacterial culture grown in PGB containing 5% NRS; ...... , uninoculated PGB; ..... , supernatant solution from a bacterial culture grown in PGB + 5% NRS.
NRS. These latter two strains were classified as serum-resistant. Similar results could not be obtained with the colorimetric assay.
In evaluating the assay, we found the following problems with it. First, growth of bacteria could not be evaluated by estimating medium color at an absorbance at 500 nm. This conclusion was based on the results of the following experiment. A culture of serum-resistant E. coli 291(pF54ColVdrd) in PGB containing 5% NRS was incubated for 5 h at 37°C and then scanned spectrophotometrically over a wavelength range of 400 to 700 nm. A similar scan was made of uninoculated medium.
13 Table 1 Growth a of isogenic E. coli strains in medium containing 5% NRS The relative amount of light absorbed at a particular wavelength by the bacterial culture was higher than that absorbed by the uninoculated medium over the entire range of wavelengths ( Fig. 1 ). If the bacterial cells were removed by centrifugation (11 000 × g; 15 min) and the supernatant solution scanned over the same wavelength span, then the culture medium absorbed more light than the uninoculated medium only at 420 nm. Therefore, an absorbance increase at 500 nm was due not to a color change of the pH indicator in the culture medium [1] , but rather to light scattered by bacterial cells suspended in the medium.
Second, the 90-120 minute incubation period [1] was too short for correctly characterizing the serum resistance of the strains by the colorimetric endpoint. Even when the cultures were allowed to incubate as long as 5 h in PGB containing 5% NRS, the color change had not occurred although the cultures were visibly turbid.
Third, the pH of the control and test media containing serum differed at the start of the experiment. The initial pH of PGB medium was 6.2; when 5% NRS was added, however, the pH rose to 6.8. Moreover, acid produced by bacterial metabolism of glucose was presumably buffered in the test cultures but not in the control cultures, because serum contains buffeting ability [5] . Thus, before detectable color changes could occur, the bacteria had to produce more acid in cultures containing serum than in those lacking it. In addi-tion, the lag periods of the two serum-resistant strains were as much as 120 min longer when they were incubated in medium containing serum than when the medium lacked it. Therefore, presumably, acid was produced later after inoculation in the cultures containing serum than in the controls lacking it.
The colorimetric assay may be made useful by certain changes. For example the culture medium could be centrifuged after incubation to remove the bacterial cells. The absorbance of the supernatant solution could then be measured at 420 nm with no interference by light scattering. Alternatively, the indicator dye could be omitted from the assay. Culture turbidity could then be evaluated either visually or spectrophotometrically at a wavelength of 550 nm. In any case, the incubation period should be adjusted in length to compensate for the growth properties of the strains being tested. However, these modifications tend to make the assay less useful for its intended purpose.
